Introduction {#sec1}
============

Ovarian cancer (OC) is the leading cause of gynecologic cancer-related deaths for women in the United States and throughout the world.[@bib1] High-grade serous OC accounts for 70% of the OC cases and is associated with poor patient survival and clinical prognosis, and 5-year survival rate is about 29%--50%.[@bib2] Surgery followed by chemotherapy is the principal treatment strategy for high-grade serous OC.[@bib3] Although initial response to chemotherapy is high, most patients develop resistance and relapse. In addition to adverse and toxic effects, chemotherapy can cause complications related to intraperitoneal catheters.[@bib4], [@bib5], [@bib6] Therefore, new treatment approaches are urgently needed to improve patient survival.

Tyrosine kinases are major targets for therapies because of their roles in the modulation of growth factor signaling and tumor metastasis.[@bib7], [@bib8], [@bib9] The receptor tyrosine kinase AXL has been characterized as oncogenic because of its promotion of cancer cell survival, proliferation, invasion, and metastasis.[@bib10], [@bib11], [@bib12] AXL knockdown was also shown to inhibit angiogenesis by impairing endothelial tube formation.[@bib13] Upregulation of AXL expression has been reported in many cancers, including OC and cancers of the lung, prostate, breast, and pancreas.[@bib10], [@bib11], [@bib14], [@bib15], [@bib16] AXL has been well identified as a therapeutic target in OC.[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22] Rankin and colleagues showed that AXL is highly expressed in high-grade serous and metastatic ovarian tumors, but not in normal ovarian epithelium or tumor stroma.[@bib23] Given the role of AXL as a prognostic marker for OC, inhibition of AXL in ovarian tumors holds a great therapeutic potential to render/slow cancer progression.

AXL inhibitors have been shown to inhibit oncogenic downstream signaling pathways, and they offer great therapeutic efficacy and sensitivity,[@bib24], [@bib25] suggesting that inhibition of AXL is indeed an attractive strategy for OC patients. Several therapeutic approaches, including antibodies and small molecule inhibitors, have been used. Although targeted therapies have good toxicity profiles, it has been reported that patients who were treated with small molecular inhibitors, such as anti-EGFR, anti Her-2, and antiangiogeneic agents, developed severe toxicities.[@bib26] The other targeted therapies, non-coding RNAs and aptamers, are emerging alternatives with potentially less toxic effects than current standard therapies.[@bib22], [@bib27], [@bib28], [@bib29], [@bib30]

Aptamers, single-stranded small-sequence nucleic acids that can bind and inhibit their targets with high affinity and specificity, have emerged as a therapeutic strategy comparable to antibodies. They are easier to synthesize and more cost effective than antibodies, and they have negligible immunogenicity; easy manipulation, manufacturing, and conjugation; and they can be chemically modified to enhance their nuclease resistance.

Our study showed that the chemically modified DNA aptamer was highly effective in inhibiting AXL in vivo and demonstrated significant reduction in antitumor/metastasis, further enhancing the efficacy of paclitaxel in OC tumor models.

Results {#sec2}
=======

AXL Overexpression Is Associated with Poor Survival in OC Patients {#sec2.1}
------------------------------------------------------------------

To determine the clinical significance of AXL expression, we analyzed The Cancer Genome Atlas (TCGA) database AXL mRNA expression with OC patient survival ([Figure 1](#fig1){ref-type="fig"}A). TCGA data analysis revealed that overexpression of AXL gene was correlated with poor survival in OC patients (p \< 0.032). We also analyzed the Cancer Cell Line Encyclopedia (CCLE) database for AXL mRNA expression profile in 14 different OC cell lines ([Figure 1](#fig1){ref-type="fig"}B). AXL was highly expressed in most of the OC cell lines analyzed. HeyA8, OVCAR8, ES2, and SKOV3-IP1 are the top four cell lines with the highest AXL expression among the other OC cells ([Figure 1](#fig1){ref-type="fig"}B). Based on these data, we selected HeyA8 and SKOV3-IP1 for further in vitro and in vivo experiments.Figure 1AXL Expression Is Associated with Poor Overall Patient Survival and a Bad Prognostic Factor in OC(A) RNASeqv2 Level3 data were downloaded from the publicly available Cancer Genome Atlas Project for AXL in patients with ovarian serous cystadenocarcinoma (OV). Patient overall survival information was retrieved from cbioPortal. Overall survival rates significantly differ in low- and high-AXL expression. High AXL level is associated with shorter patient survival (n = 303, p \< 0.032). (B) Analysis of Cancer Cell Line Encyclopedia (CCLE) database for AXL expression profile in OC cells. CCLE converted raw Affymetrix CEL files to a single value for each probeset using robust multi-array average (RMA) and quantile normalization. HeyA8 and SKOV3-IP1 cell are selected for further experiments based on the cell expression data.

AXL-APTAMER Is Stable and Binds to AXL with High Affinity {#sec2.2}
---------------------------------------------------------

Given the role of fluoro- and monothiophosphate modifications on increased stability against nucleases, we synthesized a DNA aptamer that contained 2′-fluoro modifications on the pyrimidines as well as monothiophosphate modifications on selected nucleotides, using the RNA aptamer as the base sequence. The secondary structure of AXL-APTAMER was predicted by Mfold[@bib31] software ([Figure 2](#fig2){ref-type="fig"}A). The Gibbs free energy of the folded aptamer was estimated to be −3.22 kcal/mol. The stability of the AXL-APTAMER in medium containing 80% human serum from 1 hr to 7 days was evaluated by denaturing PAGE ([Figure 2](#fig2){ref-type="fig"}B). AXL-APTAMER was found to be stable for up to 24 hr in 80% serum, indicating that AXL-APTAMER is able to provide resistance against nucleases for further therapeutic applications.Figure 2AXL-APTAMER Inhibits AXL Activation in OC Cells(A) Secondary structure of AXL aptamer predicted by Mfold software. Gibbs free energy of the folded aptamer was calculated as −3.22 kcal/mol. All bases are deoxyribose form. (B) Stability of AXL-APTAMER in 80% serum. AXL-APTAMER is around 50% stable 24 hr in high-percentage (80%) serum. (C) Immunofluorescent images of Cy3-labeled AXL-APTAMER binding to cells. Hoescht was used to visualize nuclei. (D) Filter-binding assay was used to determine the affinity of AXL-APTAMER. Error bars represent mean values ± SEM.

Furthermore, we incubated SKOV3-IP1 cells for 30 min with Cy3-labeled AXL-APTAMER (400 nM) to evaluate the localization of AXL-APTAMER in cells. After fixing the cells, we used immunofluorescence to visualize the localization. AXL-APTAMER was localized at the cell surface, whereas cells treated with a control aptamer displayed almost no signal ([Figure 2](#fig2){ref-type="fig"}C). A filter-binding assay used to generate binding data defined the dissociation constant of AXL-APTAMER as 130 nM ([Figure 2](#fig2){ref-type="fig"}D).

AXL-APTAMER Inhibits AXL Activity and Reduces OC Cell Proliferation In Vitro {#sec2.3}
----------------------------------------------------------------------------

We next determined whether the AXL signaling is inhibited by AXL-APTAMER treatment in OC cells. The level of phosphorylated AXL (pAXL) was determined by western blot analysis in untreated and AXL-APTAMER-treated SKOV3-IP1 OC cells ([Figure 3](#fig3){ref-type="fig"}A). Treatment for 24 hr with the AXL-APTAMER (400 nM) reduced pAXL levels compared to control aptamer.Figure 3AXL-APTAMER Inhibits Downstream Signaling in OC Cells(A) pAXL levels after AXL-APTAMER treatment detected by western blot alaysis. SKOV3-IP OC cells were treated for 3 hr with a control aptamer or AXL-APTAMER. Cell lysates were immunoprecipitated with pAXL. β-actin was used as the housekeeping protein. Quantification of the bands was performed using ImageJ software. (B) Cell viability was detected by MTS assay for SKOV3-IP1 and HeyA8 cell line using three different time points (24, 48, and 72 hr). All experiments were performed in six replicates, and the results were reported as the mean absorption ± SEM (\*\*p \< 0.001 and \*\*\*\*p \< 0.0001).

To elucidate the potential mechanism underlying the therapeutic activity of the AXL-APTAMER, we studied its effect on cell proliferation in vitro. SKOV3-IP1 and HeyA8 cells were treated with different concentrations of AXL-APTAMER for 24, 48, or 72 hr. Although we did not find any effect on cell proliferation with nanomolar concentration of AXL-APTAMER, 10 μM AXL-APTAMER treatment was found to reduce cell proliferation around 50% for SKOV3-IP1 and 20% for HeyA8 OC cells at 72 hr compared to control aptamer groups ([Figure 3](#fig3){ref-type="fig"}B). A concentration of 10 μM exhibited a time-dependent inhibition of SKOV3-IP1 and HeyA8 OC cell viability ([Figure 3](#fig3){ref-type="fig"}B). AXL-APTAMER exhibited more reduction in SKOV3-IP1 cell viability compared to HeyA8 cells. We observed a dose-dependent inhibition of OC cell proliferation at 72 hr ([Figure S1](#mmc1){ref-type="supplementary-material"}A).

Next, we investigated the effect of the AXL-APTAMER in combination with paclitaxel on in vitro OC cell proliferation by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell proliferation assay. First IC~50~ values of paclitaxel were determined by treating HeyA8 and SKOV3-IP1 cells at varying doses (5, 10, 20, and 40 nM) of paclitaxel; 40 nM was identified as IC~50~ for both SKOV3-IP1 and HeyA8 cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Next, OC cells were grown to 70% confluency. After 24 hr, cells were treated with either AXL-APTAMER or the control aptamer (600 nM). Cells were then treated the next day with 40 nM paclitaxel. There was a slight but significant decrease in viability of these paclitaxel-sensitive cell lines. Paclitaxel combination inhibited HeyA8 and SKOV3-IP1 cell viability by 6.5% and 11.5% more, respectively, compared to control aptamer + paclitaxel at 48 hr ([Figure S1](#mmc1){ref-type="supplementary-material"}C).

AXL-APTAMER Treatment Inhibits OC Migration and Invasion {#sec2.4}
--------------------------------------------------------

Next, given the role of AXL downstream signaling in cancer cell metastasis, we investigated the potential role of AXL-APTAMER in inhibiting OC metastasis by wound healing and invasion assays. To this end, we first examined the effect of AXL-APTAMER on OC cell motility using the wound-healing assay, in which cell migration distances were monitored for 24 or 48 hr for SKOV3-IP1 and for 12 and 20 hr for HeyA8 OC cells. SKOV3-IP1 cells treated with AXL-APTAMER migrated shorter distances than cells treated with control aptamer ([Figure 4](#fig4){ref-type="fig"}A). Likewise, HeyA8 cells also migrated shorter distances than cells treated with control aptamer or cells without treatment ([Figure 4](#fig4){ref-type="fig"}B).Figure 4AXL-APTAMER Treatment Inhibits Signaling Pathways Promoting Invasion and Metastasis in OC Cells(A) Wound-healing assays were performed for SKOV3-IP1 cells using AXL-APTAMER, CTL aptamer (100 nM), and without any treatment. Inhibition of cell motility by AXL-APTAMER is evident at time 24 and 48 hr. The p values were obtained with Student's t test (\*p \< 0.05); error bars represent mean values ± SEM. (B) Cell migration assay was performed using AXL-APTAMER, CTL aptamer (100 nM), and without treatment for HeyA8 cells. Inhibition of HeyA8 cell motility by AXL-APTAMER is evident at time 12 and 20 hr. The p values were obtained with Student's t test (\*p \< 0.05); error bars represent mean values ± SEM. (C) Invasion through matrigel toward 10% FBS was carried out in the presence of AXL-APTAMER or the control (unrelated) aptamer (400 nM) for 24 hr in SKOV3-IP1 (top) and HeyA8 (bottom) cell lines. (D) In vitro cell invasion was evaluated in matrigel Boyden chambers. Cells were quantitated by counting the cell number in at least four different fields per image. Data were analyzed as mean of cell number per field of view for two independent experiments with technical replicates per experiment; error bars represent mean values ± SD. (E) Immunoblotting for the proteins related to cell migration. matrix metalloproteinase 1 (MMP1) and MMP2, as well as p-FAK, were decreased upon AXL-APTAMER treatment (400 nM) for 48 hr. p-FAK and MMP2 were probed using the same membrane. Likewise, FAK and MMP1 were probed on the same membrane as well. Quantification of the bands was performed using ImageJ and represented by fold change values (\*p \< 0.05 and \*\*\*\*p \< 0.0001).

Next, HeyA8 and SKOV3-IP1 OC cells were treated with either control aptamer or AXL-APTAMER, and their invasiveness was evaluated through the transwell matrigel invasion assay system ([Figure 4](#fig4){ref-type="fig"}C). Cells were harvested 24 hr after seeding and counted. Treatment with 400 nM AXL-APTAMER reduced percentages of invading HeyA8 and SKOV3-IP1 cells by approximately 80% and 60%, respectively, compared to control groups ([Figure 4](#fig4){ref-type="fig"}D).

To further elucidate the effects of the AXL-APTAMER on cancer metastasis, we analyzed invasion and migration markers in SKOV3-IP1 cells treated with AXL-APTAMER (400 nM). Immunoblotting showed that AXL-APTAMER reduced matrix metalloproteinase 2 (MMP2) and MMP1 expression compared to either no treatment or control aptamer ([Figure 4](#fig4){ref-type="fig"}E). AXL-APTAMER treatment also reduced levels of phosphorylated focal adhesion kinase (p-FAK). Together, these findings demonstrate that AXL-APTAMER is effective in inhibiting the role of AXL in promoting cancer metastasis ([Figure 4](#fig4){ref-type="fig"}E).

AXL-APTAMER Treatment Inhibits OC Tumor Growth {#sec2.5}
----------------------------------------------

To determine the effective in vivo therapeutic dose of the AXL-APTAMER that inhibited pAXL expression successfully, groups of mice (n = 3) bearing orthotopic ovarian tumors were injected (intravenously \[i.v.\] 1,600 pmol \[0.6 mg/kg\], 3,200 pmol \[1.2 mg/kg\], and 4,800 pmol \[1.8 mg/kg\]; days 0 and 2) with AXL-APTAMER in 100 μL PBS. Mice were euthanized on day 4 after injection, and tumors were collected and analyzed by immunoblotting to determine pAXL protein levels. We observed a dose-dependent pAXL down-modulation in this model ([Figure 5](#fig5){ref-type="fig"}A). The effective dose for further animal model studies was set at 4,800 pmol (1.8 mg/kg), three times a week.Figure 5In Vivo Systemic i.v. Administration of AXL-APTAMER Inhibits Tumor Growth in the SKOV3-IP1 OC Model(A) AXL-aptamer treatment inhibits pAXL and p-Src in HeyA8 tumors in mice. 4,800 pmole (1.8 mg/kg) was determined as the treatment dose for the following in vivo experiments. (B) AXL-APTAMER treatment (1.8 mg/kg) significantly reduces tumor weight compared to control aptamer in vivo in the SKOV3-IP1 orthotopic animal model (n = 10/per group). Combination with paclitaxel therapy resulted in a more dramatic decrease in tumor weight. (C) The number of intraperitoneal metastatic nodules was markedly reduced after AXL-APTAMER treatment in the SKOV3-IP1 animal model. (D) Non-significance in mouse weight between the groups indicates no toxicity in the SKOV3-IP1 animal model. (E) Immunohistochemistry analysis of angiogenesis marker (CD31) for CTL aptamer and AXL-APTAMER groups alone and in combination with chemotherapy for SKOV3-IP1. The p values were obtained with Student's t test (\*p \< 0.05 and \*\*p \< 0.001); error bars represent mean values ± SD.

We next assessed the antitumor effects of AXL-APTAMER on two different (HeyA8 and metastatic SKOV3-IP1) OC orthotopic animal models. Given the potential role of targeting AXL oncoprotein in sensitizing cancer cells to chemotherapy, we also investigated the effects of AXL-APTAMER treatment in combination with paclitaxel in vivo. AXL-APTAMER was administered (1.8 mg/kg, three times a week) i.v. 2 weeks after tumor inoculation, and paclitaxel (3 mg/kg) was administered intraperitoneally once weekly.

We obtained our preliminary data on the HeyA8 animal model in which we used a small number of mice (n = 5) per group. We observed a striking inhibitory pattern for tumor weight and number of nodules for the AXL-APTAMER treatment group compared to the control aptamer treatment group, as well as for the paclitaxel combination groups (AXL-APTAMER + paclitaxel versus control aptamer + paclitaxel) ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). None of the HeyA8 mouse groups showed significantly decreased body weight, indicating that the treatments were not toxic in this animal model ([Figure S2](#mmc1){ref-type="supplementary-material"}C). No difference was observed between paclitaxel alone and control aptamer + paclitaxel groups in terms of tumor weight.

Because of the potential role of AXL in angiogenesis, we performed CD31 staining on frozen tumor samples to test the effect of AXL inhibition on tumor-associated angiogenesis. Immunohistochemistry analysis of tumors from control aptamer and AXL-APTAMER groups showed that there was a significant reduction in CD31-positive cells in the HeyA8 model ([Figure S2](#mmc1){ref-type="supplementary-material"}D).

In the SKOV3-IP1 mouse model (n = 10), our results showed that AXL-APTAMER alone had a significant therapeutic effect, reducing mean tumor weight by 64.2% and mean number of tumor nodules by 45.2% compared to the group that received control aptamer ([Figures 5](#fig5){ref-type="fig"}B and 5C). The combination of AXL-APTAMER and paclitaxel reduced the tumor growth even further, resulting in 85% lower weight than in the group that received control + paclitaxel and 95% lower weight than in the group that received control aptamer alone. We observed no obvious toxic effects of AXL-APTAMER, which was evident from the non-significant differences in body weight among all mouse groups ([Figure 5](#fig5){ref-type="fig"}D).

Immunohistochemical analysis of tumor tissues from each group revealed that the SKOV3-IP1 tumor-bearing mice treated with AXL-APTAMER had significantly fewer pro-angiogenic CD31^+^ cells than the group treated with control aptamer ([Figure 5](#fig5){ref-type="fig"}E). Moreover, mice treated with AXL-APTAMER + paclitaxel had significantly fewer CD31^+^ cells than the mice treated with control aptamer + paclitaxel. Overall, the results from two different OC animal models indicate that the AXL-APTAMER alone is effective in reducing the tube formation in the HeyA8 model and paclitaxel combination with AXL-APTAMER results in enhanced inhibition of angiogenesis in SKOV3-IP1, suggesting that the inhibition of AXL reduces the angiogenesis process.

Discussion {#sec3}
==========

In the current study, we demonstrated that AXL receptor tyrosine kinase (RTK) is associated with significantly shorter OC survival and its inhibition by highly specific chemically modified serum stable AXL-APTAMERs suppresses tumor growth and intraperitoneal metastasis in OC tumor models. AXL-APTAMER also showed an inhibitory effect on cancer cell proliferation, invasion/metastatis, and angiogenesis, contributing to the in vivo antitumor efficacy of the highly specific treatment. Targeting AXL by the aptamers also enhanced the efficacy of chemotherapy (paclitaxel, a first-line chemotherapy agent in OC) in the in vivo models.

Our finding that AXL overexpression is significantly associated with poor survival in patients with high-grade serous OC is consistent with previous reports indicating that AXL regulates tumor growth in some cancers, as well as reports showing that AXL activity is involved in the regulation of epithelial-to-mesenchymal transition and metastasis.[@bib10], [@bib12], [@bib13], [@bib23] These data indicate AXL as a potentially useful therapeutic target in metastatic OC.

There have been some efforts to develop inhibitors for AXL-RTK via small non-coding RNAs and small molecule inhibitors.[@bib32], [@bib33], [@bib34] Although small molecule inhibitors lead to increased therapeutic efficacy and sensitivity in targeting these kinases, they can inhibit additional kinases potentially leading to unexpected toxicities.[@bib35] For instance, AXL inhibitor BGB324 has been shown to inactivate the increased cell proliferation, survival, and chemoresistance of acute myeloid leukemia cells.[@bib24] AXL inhibitors based on small non-coding RNAs have also been shown to successfully reduce proliferation and metastasis of various cancer cells.[@bib23], [@bib32], [@bib36], [@bib37], [@bib38] However, clinical development of RNAi-based therapeutics is hampered by the lack of nanodelivery systems that can efficiently and safely deliver these small molecules into tumors.[@bib39] Aptamers have been shown to provide favorable specificity and stability in in vivo studies. The key features of the aptamers as therapeutics are that they can easily be modified to optimize their characteristic features, such as stability, affinity, and specificity. Nucleic acid aptamers have several advantages over other therapeutic options, including (1) high binding affinity[@bib40], [@bib41] and (2) decreased sensitivity to endonucleases by chemical modifications, such as fluoro modifications on the 2′ moiety of the ribose and phosphorothioate modifications.[@bib42], [@bib43], [@bib44] In this study, we used a previously characterized RNA aptamer (GL21.T), which is known to bind AXL tyrosine kinase receptor with high affinity,[@bib45] as the base sequence to synthesize the corresponding DNA aptamer. Since RNA oligonucleotides are more susceptible to hydrolysis than their DNA counterparts and DNA aptamers are more cost effective in terms of synthesis compared to RNA aptamers,[@bib46] in this study we synthesized and used a DNA aptamer with 2′-fluoro and monothiophosphate chemical modifications to further enhance the stability against endonucleases.

Our data show that application of 2′-fluoro and monothiophosphate modifications rendered the AXL-DNA-APTAMER stable for up to 24 hr in high concentrations of human serum, allowing the inhibition of AXL phosphorylation, hence, in turn, leading to strong, prolonged inhibition of downstream oncogenic signaling pathways, such as cancer metastasis and survival.

AXL has been further shown to be a downstream effector of the epithelial-to-mesenchymal transition, which promotes mobility, invasion, and metastasis.[@bib12] In OC, AXL was shown to regulate cancer cell invasion and progression via altering MMPs and PI3K/AKT signaling.[@bib23] Furthermore AXL inhibition led to the inhibition of FAK activity, which is one of the key regulatory mechanisms of the invasion pathway.[@bib47] Overall, our data suggest that inhibition of FAK phosphorylation and MT1-MMP1 and MMP2 by the AXL aptamer is a key underlying mechanism of the inhibition of migration and invasion of OC cells.

We demonstrate that AXL-APTAMER treatment reduced the tumor burden and number of metastatic nodules in mice. When combined with paclitaxel, the AXL aptamer significantly enhanced antitumor efficacy of paclitaxel chemotherapy. Given the fact that AXL confers drug resistance in many cancers,[@bib48], [@bib49], [@bib50], [@bib51] these results suggest that AXL-APTAMER not only provides additional antitumor effect but also, by inhibiting downstream signaling such as PI3K, ERK-MAPK, and nuclear factor κB (NF-κB), overcomes drug resistance in cancer cells. Therefore, AXL-APTAMER plus chemotherapy combinations may be a potential strategy for drug-resistant OC, and also it may serve as a tool for targeted delivery of chemotherapy to tumor while sparing healthy cells from chemotherapy-induced damage. Whether AXL-APTAMER conjugated to a chemotherapy agent provides efficient targeted therapy for OC patients can be proposed as a future scope of this study. Aptamer in combination with paclitaxel therapy opens up the possibility of conjugating the aptamer chemically to paclitaxel for more efficient and targeted therapy. Our data indicate AXL-APTAMER's potential as a therapeutic agent either alone or in combination with chemotherapy.

Materials and Methods {#sec4}
=====================

Cell Lines {#sec4.1}
----------

Human epithelial OC cell lines HeyA8 and SKOV3-IP1 were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 100 IU/mL penicillin-streptomycin. All cells were maintained at 37°C with 5% CO~2~ and 95% air and tested for mycoplasma using a MycoAlert mycoplasma detection kit (Lonza), as described by the manufacturer. All cell lines were obtained from the MD Anderson Characterized Cell Line Core Facility, which supplies authenticated cell lines, and all experiments were conducted when cells were 70%--80% confluent.

Aptamers {#sec4.2}
--------

A GL21.T RNA aptamer 32 was used as the base sequence to generate a more stable DNA aptamer targeting the AXL oncoprotein. 2′-fluoro (on dC and dU) and monothio modifications were incorporated into AXL-APTAMER on selected bases. The sequences of the aptamers used in this study and their 5′-monothio modifications (underlined) are indicated in [Table 1](#tbl1){ref-type="table"}. Before each treatment, to promote the formation of ideal secondary structure, each aptamer was subjected to a denaturing step (85°C for 5 min, followed by incubation on ice for 2 min and at 37°C for 10 min) individually to promote the formation of ideal secondary structure.Table 1The Sequence of the Aptamers Used in the StudyAptamerSequenceModifications[a](#tblfn1){ref-type="table-fn"}DenaturingAXL aptamer (GLD-1)5′-d(A[U]{.ul}G[A]{.ul}UCAAUC[G]{.ul}CCUCAA[U]{.ul}UCGACAG[G]{.ul}AGGCU[C]{.ul}A[C]{.ul})-3′2′-fluoro: on dC and dU monothio: on selected bases85°C for 5 min, followed by incubation on ice for 2 min and at 37°C for 10 minControl5′-d(U[U]{.ul}C[G]{.ul}UACCGGGUA[G]{.ul}GUUGGC[U]{.ul}UGCACAU[A]{.ul}GAACGUG[U]{.ul}C[A]{.ul})-3′2′-fluoro: on dC and dU monothio: on selected bases85°C for 5 min, followed by incubation on ice for 2 min and at 37°C for 10 min[^1]

Aptamer Synthesis {#sec4.3}
-----------------

Aptamers were synthesized on an Expedite 8909 Oligo Synthesizer (Applied Biosystems,) using standard phosphoramidite chemistry.[@bib52] Standard DNA synthesis reagents, Cy3-phosphoramidite, 5′-biotinTEG phosphoramidite, and Sulfurizing Reagent II were purchased from Glen Research. 2′-fluoro-dC and 2′-fluoro-dU phosphoramidites were purchased from both Glen Research and from Sigma-Aldrich. Aptamers were deprotected in concentrated ammonium hydroxide overnight at room temperature, vacuum dried overnight, and purified by reverse-phase chromatography over a Hamilton PRP-1 column on an AKTA 10 purifier (General Electric), by loading using a 100 mM triethylamine acetate buffer (pH 8.4) and eluting with increasing acetonitrile concentrations. Aptamer concentrations were determined using extinction coefficients estimated by OligoCalc.[@bib53]

Filter-Binding Assay {#sec4.4}
--------------------

Binding affinity of AXL-APTAMER to AXL-protein was determined by dual-membrane filter-binding assay. AXL-APTAMER with biotin-TEG modification at the 5′ end for streptavidin-horseradish peroxidase (HRP) chemiluminescent detection was synthesized and purified as described above. Of 15 nM AXL-APTAMER, 1 μL was incubated with AXL-protein (2 to 2,000 nM, serial half-dilutions) in 3.5 μL 10 mM Tris-HCl (pH 7.4) (TE buffer) for 30 min at room temperature. After incubation, each reaction was diluted to 30 μL with TE buffer and filtered through a 96-well dot blot apparatus (Bio-Rad) with nitrocellulose layered on top of a nylon membrane. Nitrocellulose will retain protein-DNA complexes and the nylon membrane traps free DNA. The membranes were washed three times with 100 μL TE to wash away unbound DNA from the nitrocellulose membrane down to the nylon. Following washes, both membranes were UV cross-linked to immobilize the retained DNA, and they were processed for chemiluminescent detection using the Pierce biotinylated nucleic acid detection kit, according to the manufacturer's instructions. The chemiluminescent signals were detected and imaged on a Fluorochem imager (Alpha Innotech). Image analysis and quantification of spot intensities were conducted using ImageJ. Data from nylon membrane were used to calculate the fraction of DNA bound, and a binding curve was generated using GraphPad Prism software assuming a single binding site.

AXL-APTAMER Stability in Human Serum {#sec4.5}
------------------------------------

To determine the stability of AXL-APTAMER, it was incubated in 80% human serum (4 μM) for periods ranging from 1 hr to 7 days. Type AB Human Serum was used (Euroclone ECS0219D). At each time point indicated, 4 μL serum (16 pmol DNA) was withdrawn and incubated for 1 hr at 37°C with 5 μL proteinase K solution (600 mAU/mL) to remove serum proteins that interfere with electrophoretic migration. Following proteinase K treatment, 18 μL denaturing gel loading buffer was added to each sample, and the samples were then stored at −80°C. Samples from each time point were separated by electrophoresis on 15% denaturing polyacrylamide gels. The gels were stained with ethidium bromide and visualized by UV light exposure.

Cell Viability Assay {#sec4.6}
--------------------

The viability of cells was detected by MTS assay (Promega). Viable cells were seeded at a density of 1,250 cells/well in 96-well plates. The next day, cells were treated with the AXL-APTAMER or control aptamer for 24, 48, and 72 hr. At the end of the treatments, MTS and phenazinemethosulfate (PMS, 20:1 v/v) solutions were added to the cells, and the viability of growing cells was measured by monitoring the absorption of the product at 490 nm. All experiments were performed in six replicates, and the results were reported as the mean absorption ± SEM.

Immunofluorescence {#sec4.7}
------------------

SKOV3-IP1 OC cells were plated on six-well plates and treated with Cy3-labeled AXL-APTAMER. Following 3 hr of treatment, cells were washed with PBS and fixed with 4% paraformaldehyde. Nuclei were visualized by Hoechst counterstaining.

Invasion Assay {#sec4.8}
--------------

Cell invasiveness was assayed in a transwell system (24-well, 8-μm pore size; BD Falcon) according to the manufacturer's manual. Briefly, cells were treated with the AXL-APTAMER or control aptamer, and 3 hr later were suspended in serum-free medium (200 μL) and placed into the matrigel-coated upper chambers of the transwell insert (7.0 × 10^5^/chamber). The lower chambers were filled with medium containing 10% FBS as the chemo-attractant. The chambers were incubated at 37°C in 5% CO~2~ for 24 hr. After this incubation, the cells in the upper chambers were removed with cotton swabs, and the cells that had passed through the matrigel were fixed, stained, and counted by light microscopy.

In Vitro Cell Migration Assay {#sec4.9}
-----------------------------

Cells were plated onto six-well plates (8--10 × 10^4^ cells/well) in duplicate in cell culture medium supplemented with 10% FBS and then cultured to confluence. After 24 hr, the cells were treated with AXL-APTAMER for 3 hr. A scratch was made in the surface of each culture with a 200-μL sterile micropipette tip. Cells were photographed at baseline (t = 0) and at regular intervals on a phase-contrast microscope (Nikon Instruments). The wound healing was assessed visually by comparing photographs taken at baseline with those taken 12 and 24 hr later.

Western Blotting {#sec4.10}
----------------

Cells were subjected to lysis with ice-cold radioimmunoprecipitation (RIPA) buffer, and protein concentration was determined by using the BCA Assay Kit (Thermo Scientific). Protein samples were separated on 4%--15% gradient polyacrylamide gels (Bio-Rad) and then electro-transferred onto polyvinylidene fluoride membranes (EMD Millipore). Membranes were blocked with 5% non-fat milk, rinsed, and incubated with primary antibodies against pAXL and AXL (R&D Systems). After overnight incubation at 4°C, membranes were washed and incubated with their corresponding secondary antibody. Signals were detected with an enhanced chemiluminescence detection kit (Denville Scientific). Immunoblots were scanned by an Alpha Imager densitometer (Alpha Innotech) for quantification of protein expression. Protein β-actin (Sigma-Aldrich) was used as a loading control.

In Vivo Experiments with OC Tumor Models {#sec4.11}
----------------------------------------

For in vivo experiments, 10- to 12-week-old female nude mice were obtained from the National Cancer Institute. All experiments were approved by the Institutional Animal Care and Use Committee of MD Anderson Cancer Center, where the experiments were carried out.

To determine effective in vivo dose of AXL-APTAMER, we first performed a dose-response experiment. HeyA8 cells (3 × 10^5^ cells/0.2 mL Hank's balanced salt solution \[HBSS\]) were injected intraperitoneally into the mice to produce peritoneal tumors. Tumor growth was monitored visually. After 14--21 days, when tumor growth was confirmed visually, mice were injected intravenously with one of three different concentrations of AXL-APTAMER. Mice were killed 72 hr after this injection. Tumor tissue extracted from each mouse was subjected to western blot analysis to quantify pAXL expression. Following the first in vivo dose-response experiment, another in vivo experiment was performed to test the antitumor activity of the AXL-APTAMER in OC.

To evaluate antitumor activity of AXL-APTAMER, we used two different models. In the HeyA8 intraperitoneal mice model, nude mice (n = 5) were inoculated intraperitoneally with HeyA8 cells (2.5 × 10^5^ cells/0.2 mL HBSS) to generate tumors. Then 2 weeks later, after peritoneal tumor growth was confirmed visually, mice were treated with the following: (1) control scrambled aptamer, (2) AXL-APTAMER alone, (3) paclitaxel alone, (4) control aptamer + paclitaxel, or (5) AXL-APTAMER + paclitaxel. Aptamers were administered i.v. three times weekly, while paclitaxel was administered intraperitoneally once weekly. Then 4 weeks after the beginning of treatment, mice were killed and tumors in the peritoneal cavity were excised and weighed.

In the SKOV3-IP1 animal model, nude mice (n = 10) were inoculated intraperitoneally with SKOV3-IP1 cells (1 × 10^6^ cells/0.2 mL HBSS) to generate tumors. Then 2 weeks later, after peritoneal tumor growth was confirmed visually, mice were treated with the following: (1) control scrambled aptamer, (2) AXL-APTAMER alone, (3) control aptamer + paclitaxel, or (4) AXL-APTAMER + paclitaxel. Aptamers were administered i.v. three times weekly, while paclitaxel was administered intraperitoneally once weekly. Then 5 weeks after the beginning of treatment, mice were killed and tumors in the peritoneal cavity were excised and weighed. For immunohistochemistry, tumors were fixed in formalin and embedded in paraffin and/or were embedded in optimum cutting temperature compound (Miles), rapidly frozen in liquid nitrogen, and stored at 80°C.

Immunohistochemistry {#sec4.12}
--------------------

The immunohistochemical analysis was perfomed as previously described.[@bib54] Briefly, unstained sections of mouse tumor tissue were deparaffinized and rehydrated. Antigens were retrieved by using Dako antigen retrieval solution. Endogenous peroxidase was blocked with 3% hydrogen peroxide. Primary antibodies against CD31 (Abcam) were incubated overnight at 4°C. The next day, a goat anti-rabbit horseradish peroxidase secondary antibody (Jackson ImmunoResearch Laboratories), diluted in blocking solution, was added and the samples were incubated for 1 hr at room temperature. Slides were developed with 3,3′-diaminobenzidine (DAB) substrate (Vector Laboratories) and counterstained with Gill no. 3 hematoxylin solution. To quantify CD31 expression, the positive (DAB-stained) cells were counted in five random fields per slide.

Statistical and Survival Analysis {#sec4.13}
---------------------------------

Quantitative data for different groups were compared by the Student's t test, and p values \< 0.05 were considered significant. The normality of the distribution was tested by using the Shapiro-Wilk test.

Survival analysis was performed in R (version 3.0.1) (<https://www.r-project.org>), and the statistical significance was defined as a p value less than 0.05. We downloaded RNASeqv2 Level3 data publicly available from TCGA (<https://gdc.cancer.gov>) for AXL in patients with ovarian serous cystadenocarcinoma (OV). Patient overall survival information was retrieved from cbioPortal (<http://www.cbioportal.org>). We ended up with complete information for 303 patients. We performed Cox regression analysis for associations between survival and AXL mRNA levels. The analysis yielded a hazard ratio of 1.3 (95% confidence interval \[CI\] = \[1.02, 1.68\], Wald test p value = 0.03) for cases with high AXL (last tertile, 66--100^th^ percentile of range) compared to cases with low AXL (first tertile, 0--33^th^ percentile of range). The Kaplan-Meier plots were generated for this dichotomization. The numbers of patients at risk in low and high AXL groups at different time points are presented at the bottom of the graph. The median survival times for each group are shown in brackets.

Author Contributions {#sec5}
====================

P.K. designed, conducted, interpreted, and analyzed both in vitro and in vivo studies. B.O. helped in the interpretation of all the studies conducted. B.A. helped in the design and conduct of the animal studies. R.B. helped with conducting in vitro experiments and participated in the interpretation of the results. N.G. assisted in the initial aptamer in vitro experiments.C.R.-A. helped in the design and conduct of the animal study. E.B. participated in animal studies. M.D. assisted in in vitro experiments. V.G.-V. assisted in immunohistochemistry (IHC) study. C.I. conducted the analysis of TCGA and animal models. G.L.R.L. synthesized the aptamer and helped with the filter-binding experiment. P.A. assisted with the filter-binding experiment. S.C. helped with the stability experiment. M.H. and S.Y.-Y.W. participated in take-down of the animal studies. R.M. helped in the interpretation of the results. D.G.G., D.E.V., and V.d.F. helped in overall design and interpretation of in vitro data. A.K.S. helped in the overall design, conduct, analysis, and interpretation of animal models. G.L.-B. directed, designed, analyzed, and interpreted all of the experiments conducted in the study. P.K., R.M., B.O., and G.L.-B. prepared and corrected all versions of the manuscript and all elements related to this body of work. All authors edited and approved the final manuscript.

Conflicts of Interest {#sec6}
=====================

D.G.G. has a financial interest in AM Biotechnologies, Inc.

Supplemental Information {#app2}
========================

Document S1. Figures S1 and S2Document S2. Article plus Supplemental Information

This study was funded by the NIH Common Fund (UH2TR000943) through the Office of Strategic Coordination/Office of the NIH Director, an NCI/NIH grant (1R21CA199050), the MD Anderson Cancer Center support grant (P30CA016672), the American Cancer Society Research Professor Award, and The Center for RNA Interference and Non-Coding RNA. This work was partially supported by grants from the Associazione Italiana Ricerca sul Cancro (AIRC; 13345 to V.d.F.) and the Texas Center for Cancer Nanomedicine (U54CA151668 to D.G.G.) through a pilot grant awarded to D.E.V. and G.L.-B.

Supplemental Information includes two figures and can be found with this article online at [http://dx.doi.org/10.1016/j.omtn.2017.06.023](10.1016/j.omtn.2017.06.023){#intref0025}.

[^1]: Chemical modifications (2′-fluro and monothio) are indicated by underline.
